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Memory T cells circulate through lymph nodes where
they are poised to respond rapidly upon re-exposure
to a pathogen; however, the dynamics of memory
T cell, antigen-presenting cell, and pathogen interac-
tions during recall responses are largely unknown.
We used amousemodel of infectionwith the intracel-
lular protozoan parasite, Toxoplasma gondii, in
conjunctionwith two-photonmicroscopy, to address
this question. After challenge, memory T cells mi-
grated more rapidly than naive T cells, relocalized
toward the subcapsular sinus (SCS) near invaded
macrophages, and engaged in prolonged interac-
tions with infected cells. Parasite invasion of T cells
occurred by direct transfer of the parasite from the
target cell into the T cell and corresponded to an
antigen-specific increase in the rate of T cell invasion.
Our results provide insight into cellular interactions
during recall responses and suggest a mechanism
of pathogen subversion of the immune response.
INTRODUCTION
Lymph nodes provide organized environments where primary
and recall T cell responses are initiated. T cells and dendritic cells
(DCs) are concentrated in the paracortical region of the lymph
node, known as the T cell zone, and this region is an important
site for T cell priming via DCs that have captured antigen in the
periphery and then migrated into lymph nodes. However, recent
studies have focused attention on the subcapsular sinus (SCS)
as a site for the initiating adaptive immune responses (Carrasco
and Batista, 2007; Hickman et al., 2008; Junt et al., 2007; Phan
et al., 2007). In particular, a specialized subset of macrophages
residing in the subcapsular sinus trap lymph-borne particulate
antigens and have been implicated in presenting antigen to B
cells (Carrasco and Batista, 2007; Junt et al., 2007; Phan et al.,
2007). In response to viral infection, T cells accumulate in the
SCS and contact virus-containing cells (Hickman et al., 2008);342 Immunity 31, 342–355, August 21, 2009 ª2009 Elsevier Inc.however, the APC populations for T cells in the SCS remain
largely uncharacterized.
Like naive T cells, memory T cells are also concentrated in the
T cell zone of the lymph node, where they are poised to rapidly
initiate recall responses upon reencounter with a pathogen.
Contact with antigen-bearing cells in the lymph node can serve
to increase the activation state of memory T cells and can trigger
effector functions such as cytokine release and cell killing to
control pathogen spread. The ability of memory T cells to migrate
to sites of infection and form contacts with infected cells could
also be exploited by pathogens to target memory T cells for
immune evasion mechanisms. Direct time-lapse visualization
of T cells and antigen-presenting cells in intact lymph nodes by
two-photon microscopy could provide insight into these events.
Although this approach has been extensively used to charac-
terize T cell-DC interactions during priming in response to
model antigens (reviewed in Bousso, 2008; Cahalan and Parker,
2008), it is just beginning to be applied to the study of antigen-
experienced T cells (Boissonnas et al., 2007; Breart et al., 2008;
Matheu et al., 2008; Mempel et al., 2006; Mrass et al., 2006) and
in vivo response to infection (Egen et al., 2008; Hickman et al.,
2008; Junt et al., 2007; Peters et al., 2008).
The intracellular protozoan parasite Toxoplasma gondii
provides an excellent experimental system for the study of
T cell responses during infection. T. gondii is highly adapted to
its mammalian hosts and has evolved mechanisms to modulate
host immunity to promote parasite spread and persistence while
avoiding excessive mortality (Boothroyd and Dubremetz, 2008).
During the acute phase of infection, parasites disseminate
widely through the body via lymphatics and circulation but are
eventually brought under control by a robust adaptive immune
response (Denkers and Gazzinelli, 1998; Lieberman and Hunter,
2002; Yap and Sher, 1999). Parasites then persist as cysts in
brain and muscle for the lifetime of the host, and CD8+ T cells
play a key protective role in both the acute and chronic phases
of infection (Brown and McLeod, 1990; Gazzinelli et al., 1991,
1992; Suzuki and Remington, 1988). This is in spite of the fact
that parasites reside in a specialized parasitophorous vacuole
that limits access of parasite antigens to the host cytosol and
the class I presentation pathway (reviewed in Dzierszinski and
Hunter, 2008; Plattner and Soldati-Favre, 2008).
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Dynamics of Memory T Cell Responses in Lymph NodeHere we used two-photon microscopy in conjunction with
a mouse model of T. gondii infection to examine memory T cell
responses in lymph nodes. We show that after challenge,
memory T cells migrated more rapidly than naive T cells and re-
localized to foci of infection at the SCS. Memory T cells engaged
in prolonged interactions, with both infected macrophages and
DCs leading to the formation of antigen-specific stable T cell
clusters at the SCS. Contacts with infected target cells exposed
T cells to invasion, which occurred by simultaneous egress of
parasites from the target cell and invasion of the T cell. T cells
represented the major cell type containing parasites in the
mesenteric lymph node and blood after oral infection, and block-
ing T cell egress after oral infection slowed parasite spread
beyond the mesenteric lymph nodes. Our results shed light on
the behavior of memory T cells during recall responses and
suggest a potential mechanism whereby parasites may exploit
the close contact of T cells to promote their own survival.
RESULTS
Memory T Cells Colocalize with Parasites
at the Subcapsular Sinus
Upon exposure to live, attenuated T. gondii tachyzoites, mice
develop lasting protective immunity to the parasite, with CD8+
T cells playing a major protective role (Fox and Bzik, 2002;
Gazzinelli et al., 1991). We have adapted this system to examine
the dynamics of T cell, APC, and parasite interactions during recall
responses. For these studies, we engineered parasites to express
a secreted version of the model antigen ovalbumin (OVA), a form
that is recognized by CD8+ T cells (Gubbels et al., 2005; Kwok
et al., 2003). We also engineered the parasites to express a red
fluorescent protein derivative (RFP) to allow for fluorescent
imaging of the parasites. We then generated mice in which
a subset of T cells were naive GFP-labeled OVA-specific CD8+
(OT1) T cells (Witt et al., 2005), immunized mice with irradiated
parasites, and challenged them >4 weeks later with live parasites.
As expected, OT1 T cells showed antigen-dependent upregula-
tion of the activation marker CD69 3 days after initial exposure
to irradiated parasites expressing OVA (Figure S1A available
online) and 1 day after challenge (Figure S1B). This corresponded
with the ability of OT1 T cells to produce IFN-g after a brief in vitro
restimulation (Figure S1). In addition, immunization with irradiated
parasites protected animals from challenge with a lethal dose of
live, nonirradiated parasites, protection that depended on the
presence of CD8+ T cells (Gazzinelli et al., 1991; Suzuki and Rem-
ington, 1988; and data not shown). Memory CD8+ T cells in this
system were predominantly CD44+ but heterogeneous in terms
of CD62L expression, suggesting that they represented a mixture
of effector and central memory cells (data not shown).
To obtain a rapid and synchronous recall response, we chal-
lenged immunized mice via the earflap. In this model, parasites
are found in the subcapsular sinus (SCS) of the draining lymph
node hours after infection, within CD169+ macrophages, and
in the vicinity of neutrophil swarms (Chtanova et al., 2008). Fluo-
rescent microscopy of frozen lymph node sections confirmed
that at 5 hr after challenge, many parasites were found inside
CD169+ SCS macrophages, surrounded by the parasite-dense
granule marker, GRA6, indicating that parasites resided within
parasitophorous vacuoles (Figure S2A). Analysis of lymphnode sections from CD11cYFP reporter mice (Lindquist et al.,
2004) confirmed that a subset of CD169+ macrophages ex-
pressed intermediate amounts of the CD11cYFP reporter
(Figure S2B). This is in line with an earlier report showing that
some SCS macrophages express low amounts of CD11c (Junt
et al., 2007). At 5 hr after challenge, parasites were occasionally
found associated with YFP-high cells with DC-like morphology.
By 24 hr after challenge, many parasites were found in deeper
regions of the lymph node associated with CD11c YFP high
DCs (data not shown).
To examine how T cell localization in lymph nodes changed in
response to challenge, we used fluorescence microscopy to
quantitate the density of memory T cells relative to the capsule
of the lymph node (Figure 1A). We also injected mice with
dye-labeled naive OT1 T cells 24 hr prior to challenge to compare
naive and memory T cell behavior. In resting lymph nodes, naive
and memory T cells distributed throughout the T cell zone and
were largely excluded from B cell follicles, with memory T cell
density higher in more peripheral regions of the T cell zone and
interfollicular areas compared to naive T cells (Figures 1A–1C),
consistent with reports of memory T cell localization in the spleen
(Khanna et al., 2007). Five hours after challenge, memory OT1
T cells became more concentrated in the subcapsular zone
near foci of infection (Figures 1A and 1B). We confirmed the
change in T cell localization by plotting the distance from indi-
vidual OT1 T cells to the lymph node capsule (Figure 1C). The
shorter average distance of memory T cells to the capsule and
the higher proportion of memory T cells at the SCS compared
to naive T cells were consistently seen in different quadrants of
the same lymph nodes (Figure S3). Memory OT1 T cells localized
closer to the infection sites even when the parasites did not
express OVA (Figures 1B and 1C). Taken together, our results
indicate that as early as 5 hr after challenge, memory T cells
undergo an antigen-independent redistribution toward the foci
of infection in the SCS of the lymph node.
T Cell Recall Response to T. gondiiChallenge Visualized
by Two-Photon Microscopy
To examine the dynamic behavior of memory T cells in response
to challenge, we used two-photon microscopy of intact lymph
nodes. To simultaneously image naive and memory antigen-
specific T cells, immunized mice containing GFP-labeled
memory OT1 T cells were adoptively transferred with fluorescent
dye-labeled naive OT1 T cells. In resting lymph nodes, memory
T cells migrated at speeds similar to those of naive T cells
(Figure 2A, left; Movie S1). However, 5 hr after challenge, memory
T cells were substantially faster than naive T cells. This reflects
both a slight increase in speed of memory T cells and a slight
decrease in speed of naive T cells relative to resting lymph nodes.
The increase in speed of memory T cells occurred whether or not
parasites expressed OVA (Figure 2A; Movie S2).
At 1 day after challenge, the average speed of memory T cells
decreased dramatically (Figure 2A, left). The drop in speed
corresponded to a large proportion of T cells interacting with
infected target cells (Movie S3) and coincided with a decrease
in confinement ratio and an increase in arrest coefficient
(Figure S4). We also observed OT1 memory T cells engaging in
cell division, suggesting that at least some of the T cells have
undergone antigen-specific TCR engagement (Movie S3).Immunity 31, 342–355, August 21, 2009 ª2009 Elsevier Inc. 343
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Dynamics of Memory T Cell Responses in Lymph NodeT Cells Engage in Prolonged Antigen-Specific
Interactions with Infected Cells Shortly after Infection
To gain a better understanding of the early phase of the T cell
recall response, we focused on the 5 hr time point, by which
time there was significant T cell redistribution toward foci of
infection in the SCS (Figure 1). Although the majority of memory
T cells migrated rapidly at this time point, a subset of T cells
engaged in clusters of low motility, indicative of antigen recogni-
tion (Figure 2A, middle, and Figure 2C, top; Movies S2 and S4).
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Figure 1. Memory T Cells Localize to Sites
of Infection near the Lymph Node Capsule
Confocal analysis of lymph nodes from immunized
mice containing GFP-labeled OT1 memory T cells
(green) either resting or 5 hr after earflap challenge
with T. gondii.
(A) Confocal images of resting lymph nodes (top)
and lymph nodes after earflap challenge with
T. gondii + OVA (red) (bottom). Middle panels
show memory T cell distribution as density maps
with dotted white lines to indicate the lymph node
circumference. Right panels show T cell density
as a function of distance to lymph node capsule.
(B) Higher-magnification confocal images showing
naive (red) and memory (green) T cell distribution
in resting lymph nodes (left) and lymph nodes
5 hr after challenge with T. gondii + OVA (yellow,
middle) or after challenge with T. gondii without
OVA (yellow, right). B cell areas were visualized
with B220 staining (blue).
(C) Naive and memory T cell distribution in sections
shown in (B). The distance from a T cell to lymph
node capsule was divided by the lymph node
circumference and expressed as normalized
distance. Each point on the graph represents an
individual T cell and data are compiled from one
to two lymph nodes each. Data for individual quad-
rants of lymph nodes are provided in Figure S3.
The migration of two or more T cells in
a confined region surrounding an exclu-
sion zone of 10 microns suggested
that T cells were interacting with an unla-
beled antigen-presenting cell (Figure 2C).
The exclusion zone inside the T cell
cluster usually contained one or more
parasites (95 out of 109 clusters in 42
data sets, or 87%; Figure 2B). Impor-
tantly, T cell clusters were not observed
when mice were infected with parasites
that did not express OVA (0 clusters in
13 data sets), indicating that T cell clus-
tering is an antigen-dependent phenom-
enon. The majority of T cell clusters
(97 out of 109 or 89%) persisted for the
duration of the imaging runs (20–30 min;
Figure 2B). For those clusters that did
break up during the imaging run, the rapid
dispersal of T cells often corresponded to
the sudden acquisition of parasite motility
(Figure 2C, bottom; Movie S4), consistent
with target cell lysis and parasite egress (Moudy et al., 2001).
This is consistent with the idea that contact with an intact
infected cell is needed to maintain the T cell cluster.
We also noted examples of naive and memory T cells partici-
pating in the same clusters (Figure 2D, left; Movie S4). To
compare the ability of naive and memory T cells to participate
in clusters, we recorded the number of T cells found in clusters
relative to the number of each type of T cell found in the imaging
volumes (Figure 2D, right hand plot). By this measure, memory344 Immunity 31, 342–355, August 21, 2009 ª2009 Elsevier Inc.
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Dynamics of Memory T Cell Responses in Lymph Nodeand naive T cells showed a similar ability to engage in contacts
with infected cells. As with memory T cells, we never observed
naive T cells dissociating from contacts, except in cases of target
cell lysis (data not shown). Thus naive and memory T cells appear
to have a similar ability to engage in long-lasting contacts with in-
fected cells.
To confirm that T cell clusters were the direct result of antigen
presentation by infected cells, we challenged mice with equal
mixtures of parasites that expressed OVA and control parasites
that did not express OVA, and scored OT1 T cell clusters
around infected cells (Figure 2E; Movie S5). We observed
that OT1 T cell clusters formed around target cells with OVA-
only parasites and around doubly infected (+ and OVA para-
sites) cells, but very rarely around cells that contained only
control (OVA) parasites. The low frequency of clusters around
control parasites is similar to the rate of clusters with no visible
parasites (Figure 2E) and was not increased even when the
ratio of parasites was adjusted to increase the number of
infected cells containing only OVA parasites (data not shown).
These results, together with the lack of OT1 T cell cluster forma-
tion when mice were challenged with parasites that did not
express OVA, and the observation that most clusters form
around parasite-containing cells, strongly imply that T cell
clusters formed as a direct result of antigen recognition on an
infected cell.
In addition, to these low-motility T cell clusters, we also
observed several parasite-memory T cell pairs moving coordi-
nately, suggesting a tight contact between a motile unlabeled in-
fected host cell and a T cell (Figure S5, Movie S6). These motile
conjugates were relatively infrequent (14 events observed out of
94 runs, corresponding to 40 hr of cumulative imaging time). In all
of the observed motile conjugates, the infected cell led and the
T cell followed, with the parasite (presumably inside an unlabeled
infected cell) turning just before the T cell (Figure S5, green and
red arrows; Movie S6). Furthermore, the conjugate pairs moved
at an average speed of 6 mm/min, which was substantially lower
than the speed of freely migrating T cells, and suggested that the
infected cell determined the speed of the pair (Figure 2A). These
observations were reminiscent of T-B conjugates observed
during helper T cell function, or CTL killing in intact lymph nodes
(Mempel et al., 2006; Okada et al., 2005). Taken together, these
data suggest that as early as 5 hr after infection with T. gondii,
memory T cells can engage in long-lasting antigen-specific inter-
action with motile and nonmotile infected cells.
T Cells Interact with DCs and SCS Macrophages during
Recall Response to T. gondii
In order to characterize the major cell types that serve as targets
for memory T cells in the lymph node, we focused on the SCS
macrophages, because they are positioned for initial contact
with pathogens and are heavily infected after challenge with
Toxoplasma, and on DCs, because of their potent ability to acti-
vate T cells. We initially used the CD11cYFP reporter that is
expressed at high levels by DCs and at lower levels by a subset
of CD169+ SCS macrophages (Figure S2B; Junt et al., 2007).
Two-photon imaging of lymph nodes from reporter mice that
had been immunized and then challenged with Toxoplasma
revealed several examples of OT1 T cells engaged in lasting
interactions with YFP-high DCs (Figure 3A; Movie S7). Interest-ingly, the majority of T cell clusters surrounding DCs occurred
with DCs that did not contain visible parasite fluorescence
(Figure 3A, top and middle; Movie S7). In addition to the
CD11cYFP reporter-high cells, we also detected a population
of YFP-low cells that lacked dendrites and that tended to harbor
larger numbers of parasites relative to the YFP-high population,
some of which correspond to SCS macrophages (Figure S2;
Figure 3A, bottom panel and bar graph). Of the T cell clusters
scored in this analysis, 39% formed around YFP-low cells,
32% formed around YFP-high cells, and 29% formed around
APCs that did not express detectable amounts of the CD11cYFP
reporter, suggesting that together DCs and SCS macrophages
constitute the major target populations in this setting.
Because the CD11cYFP reporter labels only a subset of
CD169+ macrophages, we also labeled SCS macrophages by in-
jecting fluorescently labeled CD169 antibody into the mouse
earflap prior to imaging. CD169-labeled cells formed a contin-
uous layer in the subcapsular area of the lymph node with
memory T cells forming clusters within, and directly adjacent
to, the layer of labeled macrophages (Figure 3B; Movies S8 and
S9). For this analysis, we defined a T cell cluster as two or more
OT1 T cells contacting a CD169+ cell for more than 10 min.
Notably, most (38 out of 45 clusters or 84%) of the stable T cell
contacts with SCS macrophages occurred with parasite-con-
taining target cells (Figure 3B). This is in contrast to the T cell
clusters around DCs, of which only 30% surrounded DCs that
contained visible parasites. Moreover, given the data from lymph
node sections showing that the majority of infected CD169+
cells stained with the parasite-dense granule protein, GRA6
(Figure S2A), and that OT1 T cell contacts were observed only
with CD169+ cells that contained GRA6 protein (Figure S2A,
hatched bar), these data indicated that T cells contacted actively
infected SCS macrophages. Some contacts occurred as large
clusters with more than five T cells surrounding an infected
macrophage. We also noted several examples of T cell clusters
that included both naive and memory T cells surrounding a
CD169 cell (Figure 3B; Movie S9). Our results demonstrate that
T cells can form long-lasting interactions both with invaded
SCS macrophages and DCs and indicate that SCS macrophages
are a significant APC population for CD8+ T cells at the early
stages of infection.
Direct Invasion of T Cells by T. gondii during Contacts
with Infected Target Cells
Recent evidence that parasite egress is linked to target cell killing
by T cells (Persson et al., 2007) suggests that parasites could
exploit the close contact between T cells and APC to facilitate
cell-to-cell spread. To investigate whether this occurs in vivo,
we focused on the examples of T cell contacts with infected cells
that dissociated during the imaging run. Parasites became highly
motile upon target cell lysis (Figure 2C; Moudy et al., 2001),
making it difficult to track the fate of individual parasites.
However, in 3 out of 10 of observed instances of target cell lysis
and T cell cluster break-up, we found that the parasites invaded
one of the T cells that had been in contact with the infected cell
(Figure 4A; Movie S10). In addition to these examples in which
T cell invasion was documented in the imaging run, we also
noted many examples of T cells in imaging volumes that
harbored parasites. In general, T cells containing parasitesImmunity 31, 342–355, August 21, 2009 ª2009 Elsevier Inc. 345
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Figure 2. Memory T Cells Form Stable Conjugates with T. gondii-Infected Cells
(A) Naive and memory T cell migration before and after challenge with T. gondii. Draining lymph nodes from mice containing GFP-labeled OT1 memory T cells and
SNARF-labeled OT1 naive T cells were imaged with two-photon microscopy either in resting state or at indicated times after challenge. Graphs show the average
speed of naive (red) and memory (green) T cells under the indicated conditions (***p < 0.0001, **p = 0.0064). At right, memory T cells are categorized based on
types of contacts formed.
(B) The pie graph summarizes the types of T cell clusters observed in 42 data sets.346 Immunity 31, 342–355, August 21, 2009 ª2009 Elsevier Inc.
Immunity
Dynamics of Memory T Cell Responses in Lymph Noderemained motile and migrated with similar speeds to uninfected
T cells (Figure 4A). Confocal microscopy of lymph node tissue
sections (Figure 4B) and in vitro infected T cells (Figure 4C)
revealed that parasites inside T cells appeared intact, corre-
sponded to a ‘‘hole’’ in fluorescence signal in T cells, and were
surrounded by the parasite-dense granule protein GRA6, consis-
tent with the active invasion of T cells and the formation of a
parasitophorous vacuole inside T cells.
The most common natural route of infection is through inges-
tion, so we also examined T cells in the mesenteric lymph nodes
after oral infection of naive mice with Toxoplasma cysts. After
oral infection, the parasites arrive asynchronously in the mesen-
teric lymph nodes and are found both in the subcapsular sinus
and in deeper regions of the lymph node at 5–7 days after infec-
tion (Chtanova et al., 2008; and data not shown). Two-photon
microscopy of OT1 GFP T cells in the mesenteric lymph nodes
of mice orally infected with OVA-expressing parasites revealed
infected T cells migrating at comparable speeds to uninfected
T cells in the same imaging volumes (Figure 4D, left graph). We
also observed examples of OT1 T cells being invaded by para-
sites while contacting infected target cells (Figure 4D, right;
Movie S11).
To determine whether T cell invasion also occurred in the
chronic phase of infection, we examined the brains of infected
mice. For these studies we infected mice with a low dose of
a cyst-forming strain of RFP-OVA parasites and visualized
T cell migration in vibratome-cut brain slices by using two-photon
microscopy (Schaeffer et al., 2009). Time-lapse imaging revealed
invaded OT1 T cells actively migrating through the brain with
average speeds and displacement rates within the range of those
observed for OT1 T cells that did not contain parasites (Figure 4E;
Movie S11). In addition, we observed one instance of T cell inva-
sion by T. gondii in the brain apparently while contacting an in-
fected cell (Figure 4F; Movie S11). The detection of T cell invasion
by parasites in three different infection settings indicates that
T cell invasion by T. gondii is a general feature of infection with
this intracellular parasite. Furthermore, invaded T cells remain
motile, suggesting a potential mechanism for parasite spread.
Enhancement of T Cell Invasion by Antigen Recognition
The observation that T cell invasion occurred while the T cell was
making a tight contact with an infected cell suggested that
contacts formed during antigen-specific interactions may have
enhanced parasite egress and T cell invasion. If this were the
case, we would expect to observe a higher rate of infection
under conditions in which T cells can make antigen-dependentcontacts with infected cells. To investigate this, we used flow
cytometry to quantiate invaded T cells in draining lymph nodes
after earflap injection. The infection of OVA-specific memory
T cells in the presence of parasites expressing ovalbumin was
substantially higher than for comparable rates of infection with
parasites that did not express OVA or for endogenous polyclonal
CD8+ T cells (Figure 5A). This is consistent with the hypothesis
that parasite invasion of T cells was enhanced by tight antigen-
specific interactions between T cells and infected target cells.
We also noted that, although both naive and memory OT1
T cells showed a higher rate of infection compared to polyclonal
T cells, memory T cells had a consistently higher rate of infection
when compared to naive OT1 T cells in the same lymph nodes
(Figure 5B). This is consistent with our observation that both
memory and naive OT1 T cells form tight contacts with infected
cells, but that memory T cells showed a more extensive relocal-
ization to the SCS upon challenge (Figures 1B and 1C).
T cells accounted for half of all the infected leukocytes in
the mesenteric lymph nodes at day 7 after oral infection
(Figure 5C, pie graph). Moreover, a high proportion of T cells
containing parasites expressed the activation marker CD69,
suggesting that the invaded T cells had recently encountered
antigen (Figure 5C, right plot). Although DCs and macrophages
were more infected on a proportional basis (2% of DCs and
macrophages infected and 0.7% of T cells), they made up a
smaller proportion of all infected cells because of their lower
numbers in mesenteric lymph nodes (data not shown). Infected
endogenous T cells (CD3+) could also be detected in circulation
7 days after oral infection and represented approximately half of
all infected cells detected in the blood (Figure 5D).
To more directly examine the impact of antigen-recognition on
T cell invasion, we compared OT1 T cells to T cells expressing
an irrelevant TCR (P14 TCR; Pircher et al., 1989). Seven days
after oral infection, OT1 T cells expanded to make up 50% of
CD8+ T cells in the mesenteric lymph node (Figure S6A). In
contrast, P14 T cells generally represented less than 4% of
CD8+ T cells, in spite of the fact that P14 and OT1 T cells were
present at a 5:1 ratio in the initial transfer. Similar T cell numbers
were seen in spleen (Figure S6A) and nondraining lymph nodes
(data not shown). There was also a 3–53 increase in the rate of
infection of OT1 T cells compared to P14 T cells in mesenteric
lymph nodes and spleen (Figure S6B). This increase in the
rate of infection, together with the greater expansion of OT1
T cells, led to an approximately 100-fold increase in the number
of infected OT1 T cells versus infected P14 T cells in the mesen-
teric lymph nodes (Figure S6C). Together, these data imply that(C and D) Mice containing GFP-labeled OT1 memory T cells (green) were challenged with T. gondii + OVA parasites (red) 5 hr prior to analysis. In some exper-
iments mice were transferred with naive OT1 CFP lymphocytes 24 hr before challenge.
(C) Examples of T cell clusters. Top panel shows an example of a persistent memory T cell cluster around an invaded cell. Bottom panel shows a T cell cluster that
disperses during the imaging run. Right images show the tracks for parasites (red) and T cells (various colors). The graphs on the right show displacement from
origin for parasite and T cells with arrow indicating when cluster dispersal was first observed. Corresponds to Movie S4.
(D) A cluster containing both memory (green) and naive (magenta, white arrow) T cells. 2D projections are shown at time frames indicated, and colored lines repre-
sent cell tracks; red line indicates parasites. Corresponds to Movie S4. Plot shows the number of naive or memory T cells in clusters as a percentage of the total
number of naive or memory T cells in the imaging volume for four different imaging runs. Numbers under bars indicate the total number of naive or memory T cells
present in each imaging volume.
(E) Mice containing GFP-labeled OT1 memory T cells (cyan) were challenged with one-to-one mixtures of T. gondii + OVA expressing RFP (red) and controlOVA
parasites expressing YFP (blue), and lymph nodes were imaged 5 hr later. Panels show representative memory T cell clusters surrounding OVA only (left) or
surrounding mixed + andOVA parasite-infected cells (right). Corresponds to Movie S5. Graph shows the total number of T cell clusters scored in each category
for 12 separate runs.Immunity 31, 342–355, August 21, 2009 ª2009 Elsevier Inc. 347
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Figure 3. T Cells Form Long-Lasting Interactions with SCS Macrophages and DCs after Challenge
(A) OT1 memory T cells form long-lasting interactions with CD11cYFP-high-infected (top) and -uninfected (middle) DCs, and YFP-low cells (bottom). Arrows show
memory OT1 T cells (blue) engaged in long-lasting contacts with APCs (green). 2D projections of 3D two-photon imaging volumes are shown at time frames indi-
cated. Corresponds to Movie S7. Right images show the paths for T cells (various colors) in contact with YFP-high (shown in green, top and middle panels) or YFP-
low (indicated by red tracks, circled in green, bottom panel) cells. Pie charts summarize the number of infected (left) and uninfected (right) CD11cYFP-high DCs
that supported T cell clusters in 11 data sets. The graph shows the numbers of parasites in YFP-high and -low cells. CD11cYFP reporter mice containing GFP-
labeled OT1 memory T cells were challenged with T. gondii + OVA 5 hr before explanting the draining lymph node for imaging.
(B) OT1 T cells form clusters around infected CD169 cells. Mice containing GFP-labeled OT1 memory T cells were challenged with T.gondii + OVA (red) for 5 hr
and injected with CD169-Alexa 532 5 min prior to explanting of draining lymph nodes for imaging. In some experiments, mice were also transferred with CFP-
labeled OT1 naive T cells 24 hr prior to challenge. Two-photon images of OT1 memory T cells (green) in stable interactions with CD169 (yellow), with second
harmonic signal from the collagen-rich capsule shown in blue. Right hand images show the tracks for T. gondii (red) and OT1 T cells (various colors). Z-projections
of an imaging volume are shown at indicated times. Corresponds to Movie S8. Middle panels show higher-magnification images of OT1 memory T cells inter-
acting with an infected CD169 cell. Single optical sections of an imaging volume are shown at indicated times. The graph shows the distribution of T cell cluster
sizes around CD169 cells. Bottom panels show a cluster consisting of a naive (blue) and a memory (green) OT1 T cell around an infected CD169 cell (yellow).
Corresponds to Movie S9.348 Immunity 31, 342–355, August 21, 2009 ª2009 Elsevier Inc.
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Dynamics of Memory T Cell Responses in Lymph Nodeantigen-specific T cells are a major population that harbors
parasites during Toxoplasma infection, resulting both from their
expansion and recruitment to sites of infection, and because of
their direct contact with infected target cells.
Blocking T Cell Egress from Lymph Nodes Inhibited
Parasite Spread
The high rate of infected T cells in mesenteric lymph nodes and
blood after oral infection, together with the observation that
invaded T cells remained motile, suggested that parasites could
exploit T cells to promote their dissemination within the infected
host. Consistent with this model, injection of FACS-sorted
invaded T cells into naive mice resulted in active infection in
draining lymph nodes and spleens 5 days later (Figure 6A),
indicating that parasites within T cells remained viable and infec-
tious. In addition, invaded T cells could be detected in lymph
nodes 2–4 hr after i.v. injection of infected T cells (data not
shown), implying that invaded T cells retained the ability to traffic
in the body. Finally, we asked whether blocking T cell egress
from lymph nodes could inhibit parasite spread. For this experi-
ment, we used the oral route of infection, in which parasites and
antigen-specific T cells were first detectable in gut-draining
mesenteric lymph nodes before accumulating in other parts of
the body during the first week of infection (Figure 6; Figure S6;
Courret et al., 2006). After oral infection, we treated mice every
other day with FTY720, a drug that acts on the S1P1 receptor
to block T cell egress from the lymph node, and examined para-
site number 7 days after infection (Figure 6B). We found that
FTY720 treatment significantly reduced the number of parasites
detected in spleen and nondraining lymph nodes, but did not
affect the numbers in the mesenteric lymph nodes, suggesting
that sequestering infected T cells in the mesenteric lymph nodes
prevented parasite spread. Together these data support the
view that invaded T cells help to spread infection by transporting
viable parasites from lymph nodes to other parts of the body.
DISCUSSION
We have used a Toxoplasma gondii-mouse infection model in
conjunction with two-photon microscopy to visualize memory
CD8+ T cells, APCs, and parasites in intact lymph nodes.
Memory T cells showed more rapid migration and more exten-
sive relocalization toward foci of infection compared to naive
T cells and formed stable antigen-specific clusters near invaded
macrophages at the SCS. Tight contacts with infected cells
exposed T cells to invasion by parasites, which occurred by
direct relocation of the parasite from the target cell to the
T cell. Invaded T cells remained motile and constituted a large
proportion of parasitized cells in the mesenteric lymph node
and in circulation after oral infection. Our study characterizes
the dynamics of memory T cell interactions with infected cells
in lymph nodes and uncovers a potential mechanism whereby
parasites may exploit the close contact between T cells and
infected antigen-presenting cells to promote their own survival.
Particulate antigens and pathogens arriving via the lymphatics
are retained in the subcapsular region of the lymph node (Abadie
et al., 2005; Carrasco and Batista, 2007; Chtanova et al., 2008;
Junt et al., 2007; Phan et al., 2007), and naive T cells can reloc-
alize to the subcapsular region in response to viral infection(Hickman et al., 2008). Here we show that, in response to earflap
challenge with T. gondii, both memory and naive T cells reposi-
tion from the T cell zone to the foci of infection in the subcapsular
region of the draining lymph node. In contrast to the mostly
antigen-dependent relocalization seen upon viral infection (Hick-
man et al., 2008), T cell relocalization to the subcapsular region
during T. gondii infection was antigen independent, suggesting
a response to chemoattractants produced locally at foci of
infection. Preliminary RNA analysis indicated that multiple
chemokines were induced in lymph nodes after Toxoplasma
challenge (data not shown), consistent with reports of induction
of chemokines by Toxoplasma in other systems (reviewed in
Denkers et al., 2004; Kasper et al., 2004). SCS macrophages
that harbor many parasites, neutrophils that are recruited to
draining lymph nodes at early times after infection (Chtanova
et al., 2008), and nonhematopoetic cells are all potential sources
for these chemoattractants.
A key function of immunological memory is to provide a faster
and stronger response upon re-encounter with the same antigen.
We found that memory T cells migrated significantly faster than
naive T cells after challenge and showed a more extensive reloc-
alization toward the foci of infection, as indicated both by their
location relative to parasites in lymph node tissue sections and
the higher rate of infection of memory T cells relative to naive
T cells of the same specificity within the same lymph nodes.
Thus although both memory and naive T cells are capable of
engaging in lasting contacts with parasite-infected cells, memory
T cells have a greater ability than naive T cells to migrate toward
sites of infection. This difference, together with other factors such
as higher frequency of antigen specificity and greater sensitivity
to TCR triggering (Sprent and Surh, 2001), may contribute to
the shorter response time of memory T cells.
SCS macrophages can present antigen to B cells (Carrasco
and Batista, 2007; Junt et al., 2007; Phan et al., 2007), in line
with their ability to retain antigen on their surface, rather than inter-
nalize and degrade it (Fossum, 1980; Szakal et al., 1983). The
observation that parasites were found inside SCS macrophages
surrounded by the parasite-dense granule protein GRA6 implies
that Toxoplasma actively invaded the macrophages and estab-
lished themselves in parasitophorous vacuoles, compartments
that do not fuse with endosomes and provide a protective envi-
ronment for parasite replication (Joiner et al., 1990). Together,
these observations suggest that when an intracellular pathogen
such as Toxoplasma arrives at the SCS, it may be initially trapped
by, and then invade, the macrophage, whereupon its antigens
may become visible to CD8+ T cells. SCS macrophages may be
less likely to serve as antigen-presenting cells for CD4 T cells,
which focus on endocytosed antigens. The function of SCS
macrophages as APCs for memory CD8+ T cells may also be
restricted to the early phase of recall responses, when the patho-
gens first arrive in the SCS. Indeed, we observe that at later time
points, parasites gain access to deeper regions of the lymph
node, which may result from the removal of SCS macrophages
by neutrophils (Chtanova et al., 2008) and/or the lysis of infected
macrophages by parasite egress and T cell killing.
In addition to SCS macrophages, we also observed T cells
forming clusters around DCs near the lymph node capsule.
Unlike SCS macrophages, the majority of DCs that attracted
the notice of T cells did not contain visible parasite fluorescence.Immunity 31, 342–355, August 21, 2009 ª2009 Elsevier Inc. 349
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Figure 4. Direct Invasion of T Cells during Contacts with Infected Host Cells
(A) Two examples of T cell invasion during interactions with infected APCs in draining lymph nodes after earflap infection. Single optical sections from two-photon
imaging runs showing memory OT1 GFP T cells (green) being invaded by parasites (red). In the top panel, yellow arrows point to the parasite prior T cell invasion
whereas white arrows indicate the parasite inside the T cell. Corresponds to Movie S10. Right panel shows average speeds of individual T cells containing para-
site fluorescence signal (infected T cells) compared to T cells without parasite signal (uninfected T cells) from the same imaging volumes.350 Immunity 31, 342–355, August 21, 2009 ª2009 Elsevier Inc.
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Dynamics of Memory T Cell Responses in Lymph NodeThis could be a reflection of the ability of DCs to cross-present
parasite antigens. However, given previous indications that
Toxoplasma antigens are presented via the classic MHC-1
pathway by actively invaded APCs (Dzierszinski et al., 2007;
Goldszmid et al., 2009; Gubbels et al., 2005), together with
evidence that some host cells can destroy parasites within para-
sitophorous vacuoles (Andrade et al., 2006; Zhao et al., 2009),
we favor the view that parasites initially invaded DCs but were
then destroyed, leading to the loss of parasite fluorescence but
the retention of antigen-MHC complexes on the DC surface.
One unexpected aspect to this study was the observation of
parasites moving directly from an infected target cell into a T cell
during antigen-dependent contacts. We observed multiple
examples of such events in different infection settings including
draining lymph nodes after earflap challenge, mesenteric lymph
nodes after oral infection, and brain during chronic infection.
These examples, together with the high proportion of parasitized
T cells in mesenteric lymph nodes and blood after oral infection
and the antigen-dependent increase in T cell invasion, imply that
invasion of T cells during antigen-dependent contacts is a prom-
inent feature of Toxoplasma infection in vivo.
A number of factors may contribute to the high rate of infection
of T cells. One factor is the tight cell-to-cell contact with an
infected cell that occurs during antigen recognition. Intimate
contacts between T cells and infected cells were frequently
observed and preceded all of the invasion events that we
observed. Second, based on recent reports that Fas-FasL inter-
actions and perforin release can trigger parasite egress (Persson
et al., 2007) and given that the lasting CD8+ T cell-target cell
contacts that we observed may have resulted in target cell killing,
it seems likely that release of cytotoxic granules by the T cell
could also promote antigen-specific invasion of the T cell by
parasites. Thus an immunological synapse formed between
T cell and infected cell could help to guide and couple parasite
egress and invasion, whereas target cell killing by cytotoxic
T cells could help to trigger these events. Transfer of parasites
via an organized cell-cell contact region would be analogous to
the virological synapses that have been implicated in cell-to-
cell spread by viruses, such as HIV (Piguet and Sattentau,
2004). Finally, our data indicate that antigen-specific T cells are
preferentially expanded and recruited to mesenteric lymph
nodes after oral infection and that this contributes to their prefer-
ential infection in vivo.Invasion of T cells could provide a means for parasites to
disseminate throughout the body. Although T. gondii tachyzoites
are highly motile outside of host cells, transport inside a T cell
could allow access to a variety of tissues and would also protect
the parasite from components of the humoral immune system.
Although earlier reports have suggested that DCs and macro-
phages can be hijacked by the parasites for dissemination (Cour-
ret et al., 2006; Lambert et al., 2006), the observation that
invaded T cells comprise the major population of infected cells
in the blood and lymph node after oral infection implies that
T cells may also contribute to parasite spread. Moreover, the
observation that FTY720 treatment, which led to a drop in
T cells, but not DCs, in blood (data not shown), led to a reduction
in parasite load in the periphery after oral infection also supports
a role for T cells in parasite dissemination.
Invasion of antigen-specific T cells may also provide an oppor-
tunity for the parasite to modulate the immune response from the
‘‘inside’’ by controlling the survival and functionality of the Toxo-
plasma-specific T cells. During invasion, T. gondii secretes
a number of proteins into the host cytosol, some of which can
interact with the host cell machinery to modify the production
of immune response mediators (reviewed in Boothroyd and
Dubremetz, 2008). The targeting of antigen-specific T cells
highlights the delicate interplay between the host’s immune
system and a successful pathogen such as T. gondii. Although
CD8+ T cells are crucial for protection of the host, Toxoplasma
may have evolved ways to target and exploit these cells for their
own advantage.
EXPERIMENTAL PROCEDURES
Mice
All mice were bred and housed in pathogen-free conditions at the AALAC-
approved animal facility at Life Science Addition (University of California,
Berkeley). All animal experiments were approved by the Animal Care and
Use Committee of UC Berkeley. Ubiquitin-GFP mice (Schaefer et al., 2001)
were a gift from B. Schaefer. CD11cYFP transgenic reporter mice (Lindquist
et al., 2004) and actin promoter CFP transgenic mice (Hadjantonakis et al.,
2002) were provided by M. Nussenzweig’s laboratory. Bone marrow donors
were UBI-GFP or actin-CFP transgenic mice crossed to OT1 TCR transgenic
Rag2/ mice (purchased from Taconic) to generate GFP or CFP OT1 TCR
transgenic Rag2/ donors. In order to generate mice with a small number
of OT1 T cells, we injected bone marrow from OT1 Rag2/ GFP mice into
newborn C57BL/6 or CD11cYFP mice as described (Witt et al., 2005). In
some experiments, naive T cells either from P14 TCR transgenic mice (Pircher(B and C) Immunofluorescence images of infected T cells stained for the parasite-dense granule protein GRA6 as a marker for the parasitophorous vacuole. RFP-
labeled parasites are shown in red, GFP-labeled T cells are in green, and GRA6 immunostaining is shown in white.
(B) Confocal analysis of the lymph node samples described in (A).
(C) In vitro infected T cells with nuclei labeled with DAPI (blue).
(D) Naive mice containing GFP-labeled OT1 T cells were orally infected with T. gondii + OVA cysts for 5–7 days prior to explanting of mesenteric lymph nodes for
imaging. Average speed of infected and uninfected OT1 T cells in the mesenteric lymph nodes determined by analysis of two-photon imaging data. Right panels
show OT1 T cell (green) invasion by T. gondii + OVA (red) in the mesenteric lymph nodes 5 days after oral infection with 75 cysts. Single optical sections of two-
photon imaging volumes are shown. Arrows indicate parasite inside the T cell. Corresponds to Movie S11.
(E) Dynamic imaging of OT1 T cells containing parasites in vibratome-cut brain slices from chronically infected mice. Left panels show projections of imaging
volumes from time-lapse series obtained by two-photon microscopy. Dashed boxes indicate invaded T cells, with enlarged views to show the parasite fluores-
cence (arrowhead). The paths of infected OT1 GFP cells are depicted by color-coded lines to depict time (blue-red-yellow-white). Right panel shows a plot of
displacement rate versus the average speed for individual T cells. Red circles are infected OT1 T cells and black circles are OT1 T cells without visible parasite
fluorescence from the same runs. Data were generated from four different samples, 10–39 days p.i. Corresponds to Movie S11.
(F) An example of an OT1 cell being invaded by a parasite in the brain. Three frames from a time-lapse sequence are shown before (left), during (middle), and after
(right) invasion. The arrow indicates the position of the OT1 GFP T cell at each time point. Plot on right shows the instantaneous speed versus time of the T cell.
Shaded area corresponds to the time the T cell stops near the group of isolated parasites. Red arrow indicates the time point at which the parasite is first seen
inside the T cell. Corresponds to Movie S11.Immunity 31, 342–355, August 21, 2009 ª2009 Elsevier Inc. 351
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Figure 5. Antigen Recognition Enhances T Cell Invasion by T. gondii
(A) Flow cytometric analyses showing the percent of infected cells as a proportion of gated OT1 T cells (circles) or endogenous, polyclonal T cells (triangles) in
draining lymph nodes of mice challenged via earflap with OVA-expressing parasites (red) or parasites without OVA (blue) 24 hr before analysis. Graph shows the
percent of gated T cells containing parasite fluorescence (percent infected T cells) plotted as a function of infection rate. Each point represents the indicated T cell
population from a single lymph node.
(B) Flow cytometric analysis comparing the infection rates of naive and memory OT1 T cells for four individual lymph nodes. Mice were challenged with OVA-
expressing parasites 24 hr before analysis.
(C and D) Naive mice were infected orally with 50–75 T. gondii cysts and analyzed 5–7 days later.
(C) Flow cytometric analysis of mesenteric lymph nodes. Pie chart shows the proportions of parasites contained in different leukocyte subsets in the mesenteric
lymph nodes, and plot on right shows CD69 expression in uninfected or infected CD3+ cells. **p = 0.0027. Mean and standard error of the mean are shown.
(D) Flow cytometric analysis of CD3 and parasite fluorescence in blood leukocytes. Left panels show compiled data. Right panels show representative FACS
plots. Uninfected mice are shown for comparison. The numbers indicate percent of infected cells out of total live gate, the numbers in brackets are percent
of infected cells out of CD3 and CD3+ populations, respectively. Mean and standard error of the mean are shown.et al., 1989; purchased from Taconic), OT1 Rag2-CFP mice, or OT1 Rag2/
mice labeled with SNARF or CellTracker Orange according to manufacturer’s
instructions (Invitrogen) (23 107/mouse) were transferred by tail vein injection
24 hr prior to infection and/or imaging.
Parasites
Generation of T. gondii cell lines expressing the tandem (td) Tomato variant of
red fluorescent protein (RFP) (Shaner et al., 2004) and ovalbumin were
described previously (Chtanova et al., 2008; Schaeffer et al., 2009). All para-
sites were maintained in confluent human foreskin fibroblasts.
For mouse infections, parasites were prepared from almost lysed fibroblast
cultures by first releasing the parasites from fibroblasts by passing them
through 21 g 1.5 gauge and 23 g1 needles 5–10 times. Parasites were then
filtered through a 3 mm filter, pelleted, and resuspended in phosphate-buffered
saline. 5 3 106–1 3 107 parasites (typically 5 3 106) in 10 ml volume were
injected into the earflap. For immunizations, mice were injected with 106
irradiated parasites intraperitoneally at least 4 weeks prior to infection and
imaging.352 Immunity 31, 342–355, August 21, 2009 ª2009 Elsevier Inc.For oral infections, cysts were isolated from brain homogenates of CBA/J
mice (Jackson Laboratory, Bar Harbor, ME) infected with 300–400 parasites
i.p. 4–6 months prior. Cysts were counted after staining with Dolichos Biflorus
Agglutinin (Vector Laboratories, Burlingame, CA). Mice were infected with
50–75 cysts by gavage. Mesenteric lymph nodes were used for microscopy
or analyzed by flow cytometry. In an experiment to test the role of T cell egress,
FTY720 was administered every other day intravenously starting 1 day after
oral infection with 75 cysts at the dose of 1 mg/kg. Mice were sacrificed and
analyzed on day 7 after infection.
Antibodies and Flow Cytometry
Lymph nodes were dissociated by collagenase digestion. Cell suspensions
were filtered, stained, and analyzed by flow cytometry. The following anti-
bodies were from eBioscience: phycoerythrin-Cy5 conjugated anti-CD11b
(clone M1/70) and phycoerythrin-Cy5 conjugated anti-CD11c (clone N418).
Fluorescein isothiocyanate-conjugated CD169 antibody (clone 3D6.112) was
purchased from AbD Serotec. Acquisitions were performed with a Coulter
Epics XL-MCL flow cytometer (Beckman-Coulter) and data were analyzed
Immunity
Dynamics of Memory T Cell Responses in Lymph Nodewith the FlowJo software (Tree Star, Ashland, OR). GRA6 staining to visualize
the parasitophorous vacuole was performed with the anti-GRA6 rabbit anti-
serum obtained from D. Sibley (Labruyere et al., 1999).
Statistical Analysis
Values were expressed as mean ± standard error (SE). Levels of significance
were calculated by unpaired t tests with the GraphPad Prism program (San
Diego, CA). Differences were considered significant at p < 0.05.
Two-Photon Imaging
Mice were sacrificed at indicated times after infection, and dorsal cervical
(draining lymph nodes for earflap infections) or mesenteric (for oral infections)
lymph nodes were isolated and imaged by two-photon laser scanning micros-
copy (TPLSM) while being perfused with warmed, oxygenated medium as
described previously (Witt et al., 2005). For imaging T cell interactions with
CD169 cells, 10–20 ml of neat in-house labeled CD169 antibody was injected
into the mouse earflap 5 min prior to sacrifice. For two-color microscopy,
imaging volumes (164 3 164 3 40 microns) were scanned every 37 s for
20–40 min with an upright Zeiss 510 META/NLO 2p Microscope with
Spectra-Physics MaiTai Laser. Two-photon excitation was achieved with a
Spectra-Physics MaiTai laser tuned to 920 nm, and GFP and YFP emission
light was separated with a 515 nm dichroic mirror and collected with two non-
descanned detectors.
For three- and four-color microscopy, imaging volumes of 172 3 143 3 80
microns were generated with a custom-built microscope with a Spectra-
Physics MaiTai Laser tuned to 900–920 nm. The emission light was separated
with 495, 515, and 560 dichroics and collected with 4 detectors. Bandpass
filters HQ 450/80M and HQ 645/75M were used to minimize spectral overlap.
Typical imaging volumes (164 3 164 3 40 microns or 172 3 143 3 80
microns, respectively) corresponded to regions of the lymph nodes extending
up to 200 microns below the surface of the capsule and were scanned every
13–37 s for 20–40 min. Mesenteric lymph nodes were imaged under similar
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Figure 6. Evidence for Parasite Spread via
Invaded T Cells
(A) Parasite-containing CD8+ T cells were isolated
from the mesenteric lymph nodes of mice that had
been infected orally (7 days earlier) and 10,000
FACS-sorted infected T cells were injected via
the earflap into a naive mouse. Five days later,
draining lymph nodes and spleens were analyzed
by flow cytometry. Mice that did not receive
infected T cells are shown for comparison.
(B) Mice were orally infected with 50–75 cysts from
RFP parasites (day 0) and treated on days 1, 3, and
5 with FTY720, and on day 7, infection rates were
determined by flow cytometry of collagenase-
dissociated spleen and lymph nodes. *p =
0.0018, **p = 0.0001. Mean and standard error of
the mean are shown. Peripheral blood of treated
mice showed a 4-fold decrease in the number of
T cells in treated compared to control mice (data
not shown), indicating an efficient and selective
block in T cell egress from lymph nodes.
conditions 5–7 days after oral infection. Chronic
infection and imaging of T cells in the brain were
performed as described previously (Schaeffer
et al., 2009).
Data Analysis
The x,y,z coordinates of individual cells over time
were obtained with Imaris Bitplane Software.
Motility parameters were calculated with Matlab
(Mathworks Inc., Boston, MA; code available
upon request). Parameters reported here include
average speed (defined as path length over time; microns/min), instantaneous
speed (path length between two time points, averaged over successive three
time points), arrest coefficient (percentage of time points when instantaneous
speed is below two mm/min), and confinement ratio (ratio of maximum
displacement to path length). GraphPad Prism was used for graphing and
statistical analysis. Videos were processed and recorded with Imaris Bitplane
and ImageJ software. Gaussian filter was applied to reduce background noise.
Immunofluorescence Microscopy
Isolated lymph nodes were fixed with 4% formalin and 10% sucrose in PBS for
1 hr, sequentially submerged in 10%, 20%, 30% sucrose for 18–24 hr each,
and frozen over dry ice in OCT. Serial 20 micron sections were generated by
cryosectioning (MICROM H550, Microm GmbH, Walldorf, Germany) and
stored at 80C. Sections were brought to room temperature, fixed with
cold acetone for 10 min, air-dried, and incubated with 10% mouse serum in
Fc blocking reagent (2.4G2 culture supernatant) for 1 hr. The tissue was
stained with unconjugated anti-Ly6G (BD Biosciences), purified rat anti-mouse
CD169 (AbD Serotec), or biotin-conjugated anti-LYVE-1 (R&D systems)
overnight at 4C. After primary staining, slides were washed 43 in PBS and
incubated with either anti-rat Alexa 647 or streptavidin Alexa 633 (Invitrogen)
for 2 hr at room temperature. For GRA6 staining, slides were fixed with 3%
PFA at room temperature for 20 min, washed twice in PBS, and incubated
for 15 min with PBS/0.1 M glycine at room temperature. Staining with anti-
GRA6 rabbit serum was performed in PBS/0.2% BSA/0.05% Saponin for
1 hr at room temperature. The slides were then washed and stained with an
anti-rabbit secondary antibody for 20 min with the same buffer as for primary
staining. After staining, sections were washed 43 in PBS and coverslipped
with VectaShield (Vector Laboratories) mounting medium, and visualized on
Zeiss 510 Axioplan META NLO upright confocal microscope with a 103 air
objective (Plan-Neofluar 103/0.3) and a 403 oil objective (Plan-Neofluar
403/1.3 oil WD = 0.17 mm) with 488, 543, and 633 nm laser lines. Images
were analyzed and assembled with Adobe Photoshop and Imaris Bitplane.Immunity 31, 342–355, August 21, 2009 ª2009 Elsevier Inc. 353
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request).
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